Mõistus, M., Lang, M. 2015. Leaf area index mapping with optical methods and allometric models in SMEAR fl ux tower footprint at Järvselja, Estonia. -Forestry Studies | Metsanduslikud Uurimused 63, 85-99. ISSN 1406-9954. Journal homepage: http:// mi.emu.ee/forestry.studies Abstract. Leaf area index (LAI) characterizes the amount of photosynthetically active tissue in plant canopies. LAI is one of the key factors determining ecosystem net primary production and gas and energy exchange between the canopy and the atmosphere. The aim of the present study was to test different methods for LAI and effective plant area index (PAI e ) estimation in mixed hemiboreal forests in Järvselja SMEAR Estonia (Station for Measuring Ecosystem-Atmosphere Relations) fl ux tower footprint. We used digital hemi spherical images from sample plots, forest management inventory data, allometric foliage mass models, airborne discrete-return recording laser scanner (ALS) data and multispectral satellite images. The free ware program HemiSpherical Project Manager (HSP) was used to calculate canopy gap fraction from digital hemispherical photographs taken in 25 sample plots. PAI e was calculated from the gap fraction for up-scaling based on ALS point cloud metrics. The all ALS pulse returns-based canopy transmission was found to be the most suitable lidar metric to estimate PAI e in Järvselja forests. The 95-percentile (H 95 ) of lidar point cloud height distribution correlates very well with allometric regression models based LAI and in birch stands the relationship was fi tted with 0.7 m 2 m -2 residual error. However, the relationship was specifi c to each allometric foliage mass model and systematic discrepancies were detected at large LAI values between the models. Relationships between the spectral refl ectance and allometric LAI were not good enough to be used for LAI mapping. Therefore, airborne laser scanning data-based PAI e map was created for areas near SMEAR tower. We recommend to establish a network of permanent sample plots for forest growth and gap fraction measurements into the fl ux footprint of SMEAR Estonia fl ux tower in Järvselja to provide consistent up to date data for interpretation of the fl ux measurements.
Introduction
The aim of the SMEAR (Station for Measuring Ecosystem-Atmosphere Relations) project (SMEAR Estonia, 2015) is the research and monitoring on atmosphere-biosphere interactions (Noe et al., 2011) . The 130 m high SMEAR Estonia fl ux tower is established in the south east region in Estonia, at sphere and estimates of emitted volatile organic chemical compounds from forests are closely related to the amount of the photosynthetic organs, stems and branches. Hence, high quality estimates of the forest structure variables are required to interpret the fl ux measurements. The amount of foliage can be described by leaf area index (LAI) defi ned by Watson (1947) as the total one-sided area of leaf tissue per unit ground surface area. LAI is one of the key factors determining ecosystem net primary production and energy exchange between land surfaces and the atmosphere (Nikinmaa & Bäck, 2008) .
Leaf area responds to different disturbance factors and is related to forest soil productivity and plant growth (Bréda, 2003) . Process-based ecosystem simulation models use LAI as input parameter for forest productivity analyses (Chen et al., 1997; Bréda, 2003) . LAI could also serve as a useful indicator to characterize the condition of forest ecosystems for global change studies (Myneni et al., 1997) .
The most accurate LAI estimation method is destructive sampling of foliage combined with the estimates based on the local allometric relationships to upscale from the sample plots (Chen et al., 1997; Jonckheere et al., 2004) . Since the direct estimation methods (harvesting, allometry, litter collection) are time consuming and laborious, the canopy transmittance analysis-based optical indirect techniques (Chen et al., 1997; Jonckheere et al., 2004) are generally used to estimate LAI. In fact, the outcome of the indirect optical methods is not the true green LAI as defi ned by Watson (1947) but effective plant area index (PAI e ), because of clumping and contribution of stems and branches. Conversion of PAI e to true LAI requires data about stems and branches, species-specifi c estimates of clumping in the canopy within shoots (Stenberg, 1996) , within branches, whorls and crowns (Chen et al., 1997) , and also information about leaf angle distribution. For deciduous trees the woody part can be estimated by laser scanning during leaf-off period (Béland et al., 2014) . The radiative transfer theory (Ross, 1981 ) is used to estimate LAI from measurements of the transmission of radiation through the canopy. These indirect methods are non-destructive and they are based on a statistical and probabilistic approach to foliar element distribution and arrangement in the canopy (Jones, 1992) . More sophisticated methods to calculate true LAI of forest canopy from gap fraction measurements require also stand structure information from forest inventory or sample plots (Nilson, 1999) .
Based on direct measurements, allometric regression models can be established to describe the relationships between leaf area and some directly measurable dimensions of the woody plant carrying the green leaf biomass (Jonckheere et al., 2004) . Marklund (1988) showed that by using tree stem diameter at breast height d 1.3 , tree height h and living crown length lcr as predictive variables, more than 94% of single tree foliage mass variation can be explained. The allometric model by Marklund (1988) has been used for biomass calculations in Scandinavian forests and also in regularly managed Scots pine forests in Finland (Kärkkäinen, 2005) . However, Lang et al. (2007) found that Marklund (1988) models gave systematically different estimates in Estonia depending on the list of arguments and explained this by the different d 1.3 to h relationship and different growth conditions in Estonia compared to Sweden. Gower et al. (1999) also found that allometric methods tend to be applicable for a single species in a single geographical area, and when allometric equations are applied to trees of size outside the range of the underlying empirical data of the models, estimation accuracy decreases and systematic errors may occur. However, if up to date forest management inventory data are available, an allometric foliage mass model could be the fi rst choice to create LAI map, since the species composition, mean tree breast height diameter D 1.3 , and stem height H and stand density are the basic descriptive variables of forest stands. On the other hand, allometric foliage mass models are based on single tree data and the estimates are slightly different if individual tree foliage mass estimates are aggregated or stand level D 1.3 and H are used as foliage mass predictor variables (Majasalmi et al., 2013) .
Hemispherical photography can be used to measure canopy gap fraction for indirect LAI estimation for a point in forest (Anderson, 1964) . A hemispherical image provides permanent record and is therefore a valuable information source about size, density and distribution of canopy gaps (Jonckheere et al., 2004) . Canopy gap fraction has been estimated from hemispherical images using a thresholding method to separate the canopy from the sky (Wagner, 1998; Frazer et al., 1999) . Both manual and automatic canopy and sky pixel classifi cation methods are highly dependent on photographic exposure, operator experience or assumptions made in thresholding algorithms, and therefore produce rather subjective and non-repeatable results (Rich, 1990; Cescatti, 2007) . However, if the canopy image does not contain many mixed pixels of plant elements and sky, then fast automated procedures can be applied. Recently, Macfarlane (2011) found that out-of-camera JPEG format images from eucalyptus stands with LAI up to 2 m 2 m -2 can be reliably automatically processed for LAI estimation. Since the sensors used in modern digital cameras respond linearly to light, it is possible to retrieve an image where the stored digital numbers are proportional to the incident radiation (Cescatti, 2007) , which makes the data compatible to data from plant canopy analyzers. By using this feature of modern digital cameras a single camera can replace a pair of plant canopy analyzers .
There are several methods to estimate LAI from multispectral satellite images. Regular acquisition of multispectral images with scanners onboard Landsat-8 and Sentinel-2 make the data particularly attractive for monitoring of LAI phenology similarly to Rautiainen et al. (2009) . LAI can be estimated via spectral refl ectance by using regression models or radiative transfer models. The radiation transfer models developed for the application to remotely sensed optical data rely on physically-based relationships between LAI and canopy spectral refl ectance (Liang, 2004; Stenberg et al., 2004; Kuusk et al., 2015) . The spectral variable used for the estimation should be sensitive to changes in the target variable (LAI) throughout its natural range (Stenberg et al., 2004) .
Active remote sensing techniques, such as airborne lidar, produce data that are directly related to canopy vertical structure, volume, biomass and LAI (Lefsky et al., 1999; Lefsky et al., 2002; Richardson et al., 2009; Korhonen et al., 2011; Pope & Treitz, 2013) . Solberg et al. (2009) showed that PAI e can be calculated from airborne lidar (ALS) data-based canopy cover estimates with a simple model. However, ALS data-based canopy cover estimates depend substantially on the selection of different order of echoes (returns) (Solberg et al., 2009; Lang, 2010) and this has direct infl uences also on PAI e estimates. Consequently, the regression model parameters have to be estimated for each ALS data set by using reference measurements from sample plots.
The aim of the study was to test different methods for PAI e and LAI estimation for the mixed species hemiboreal forests in Järvselja SMEAR fl ux tower footprint. While there are no special remote sensing data acquisitions (e.g. ALS measurements) yet carried out for Järvselja SMEAR experiment area, we used already collected ALS data, multispectral satellite images, sample plot measurements from other projects in Järvselja, forest management inventory data and published allometric models for foliage mass. Digital hemispherical images were used to estimate canopy structure indices in forest growth research network sample plots.
Material and Methods

Study area and sample plots
The study area is located in Järvselja Experimental Forest District in south east region of Estonia (Figure 1) . Northern part of the territory extends to the Emajõe Suursoo, which is a large complex of different swamps and mires. The area is situated in the hemiboreal forest zone with a moderately cool and moist climate. The terrain is fl at. Forests are managed according to forest management plan and forest inventory data. Forest stands are dominated by Scots pine (Pinus slvestris L.), Norway spruce (Picea abies (L.) Karst.) and Silver birch (Betula pendula Roth). Other species such as Populus tremula L., Alnus incana (L.) Moench, Tilia cordata Mill., Prunus padus L. and Fraxinus excelsior L. are also common. The species composition in the forests and forest structure is often fairly complex. There are several sample plot-based studies carried out in Järvselja forests. The sample plots located within a distance of 5.4 km from the SMEAR fl ux tower (58°16.7´N, 27°18.5´E) were originally established for forest growth modelling (Kiviste & Hordo, 2002; Kangur et al., 2005; Kiviste et al., 2015) . Tree measurement data from eight of the sample plots have been earlier used in VALERI (Validation of Land European Remote sensing Instruments, 2015) project by Kodar et al. (2011) . Marklund (1988) and by Repola (2008 Repola ( , 2009 ) were used to calculate allometric LAI for the forest stands in Järvselja Forest inventory database. These models predict single tree foliage dry mass based on the tree stem breast height dia-LAI trees in each forest stand was calculated by using the estimated allometric foliage mass, stand density from forest inventory database and specifi c leaf weight (SLW, g/ m 2 ) using the same SLW values as Lang et al. (2007) . Total forest LAI was calculated as LAI trees + LAI u where forest understory vegetation LAI u was calculated with the model LAI u = 2.4-0.44LAI trees taken from Figure 3 in Kodar et al. (2011) . For detailed analysis a set of forest stands larger than 2 hectares was selected from around the SMEAR Estonia fl ux tower.
Digital hemispherical images
Digital hemispherical photographs (DHPs) were collected in August 2014 from 25 sample plots (Figure 1) . Unfortunately, for three sample plots up to date tree measurement data was not available and the sample plots were removed from the analysis. The images were taken with Canon EOS 5D digital camera and fi sheye lens Sigma 8 mm F3.5 EX DG. The camera was calibrated in Tartu Observatory's optical laboratory (Lang et al., 2010) . The camera was set to take raw fi les in order to obtain linear data comparable to plant canopy analyzers (Cescatti, 2007; Lang et al., 2010) . At each sample plot, three DHPs were taken in four different directions (north, south, east and west) with a distance of fi ve meters between each take (Validation of Land Euro pean Remote sensing Instruments, 2015; Figure 2 in Kodar et al., 2011) . In total, 12 hemispherical photos from below canopy and one image with lens completely covered per one forest growth sample plot were taken. The dark image signal was later subtracted from below canopy images to remove sensor signal offset. Images were taken at breast height (about 1.3 m) using tripod. The camera was leveled and oriented so that the top of the image was always facing north. The images were taken during overcast or before sunrise or after sunset. However, later during image processing we found signs of direct illumination on some images due to rising Sun.
The hemispherical images were processed using free ware program HemiSpherical Project Manager (HSP) . In HSP, canopy gap fraction can be calculated in similar to plant canopy analyzers by fi rst restoring the above canopy image from below canopy image by interpolating sky pixel samples from canopy gaps over the hemisphere. The gap fraction was computed for zenith angles from 0° to 90° with 4.5° annuli and averaged over all azimuth angles and 12 images for each sample plot. The Miller's (1967) integral was used to calculate effective plant area index PAI e :
where T(θ) is azimuthally averaged transmittance from hemispherical images at view zenith angle θ. No further corrections were made to the PAI e,DHP estimate.
Airborne lidar data
The ALS data was acquired by Estonian Land Board with Leica ALS50-II instrument in 29 June 2010 covering total area of about 240 km 2 . The Leica ALS50-II scanner registers up to four returns per emitted pulse. Average pulse return density in the sample plots was 0.32-0.52 of fi rst returns per m 2 (3.21 return/m 2 in one sample plot which situated in overlapping area of two scanning stripes) and 0.35-0.87 of all returns per m 2 (3.62 return/m 2 in overlapping area). The pulse footprint was 0.54 m, scan angle ranged up to 29 degrees from nadir resulting in 1.2 km wide scanned area on ground during fl ight. McGaughey, 2012) was used for lidar data processing. The point cloud height was normalized by using digital ground elevation model based on the lidar data. Point cloud sample size was chosen to be comparable with the area captured on hemispherical images and the area of the forest sample plots. Within each of these extracted point subsets (cylinders with base radius 20 m) following metrics were calculated: the number of fi rst canopy returns above 1.3 m (P 1 ), the number of all canopy returns above 1.3 m (P a ), total returns (P t ), total fi rst returns (P t1 ) and 95-percentile of the point cloud height distribution (H 95 ). The canopy transmission T lidar for PAI e estimation was obtained by subtracting the cover index from one (Korhonen et al., 2011) and was estimated from all returns and from fi rst returns:
The T lidar was compared with the gap fraction from DHPs extracted at the same view zenith angle as the lidar scanning nadir view angle. The view angle information for the individual pulse returns was extracted with LasTools toolset (Isenburg, 2007) . The scan nadir angle was relatively constant in the sample plots. In one sample plot which was located in overlap area of two measured stripes the scan angle varied between 0 and 24 degrees. To estimate PAI e from ALS data the model from Korhonen et al. (2011) was used:
where β was estimated by fi tting a regression without intercept on PAI e, DHP obtained from Eq.
(1) and T was obtained from Eq. To examine the dependence of allometric LAI of forest stands on spectral refl ectance we tested the following bands: Landsat-7 ETM+ and Landsat-8 OLI red, near infrared (NIR) and shortwave infrared (SWIR) spectral bands; WorldView-2 bands B5 (red, 630-690 nm), B6 (red edge, 705-745 nm), B7 (NIR1, 770-895 nm) and B8 (NIR2, 860-1040 nm). These bands are also commonly used for vegetation indices e.g. NDVI (Normalized Difference Vegetation Index) (Rouse et al., 1973; Liang, 2004) .
Results
PAI e estimation using ALS data
There was a strong linear relationship (R 2 = 0.629) between the gap fraction T DHP estimated from hemispherical images and lidar pulse transmission T lidar, Pa (Figure 2b) . The fi rst pulse return-based transmission T lidar, P1 was smaller and the relationship with T DHP was much more scattered (R 2 = 0.315) as compared T lidar, Pa . The results are probably infl uenced by the Leica ALS50-II scanner internal signal processing algorithm which is optimized for topographic mapping of ground surface and records more than one return per pulse if the distribution of the returned signal has multiple modes. The T lidar, Pa was then used to fi t regression model (4) for PAI e estimation form ALS data. The model PAI e, DHP =-1.65ln (T lidar, Pa ) was compared to the LAI model from Kodar et al. (2011) and the estimated PAI e was consistently smaller then LAI (Figure 3) . 
where a 1 , a 2 and a 3 are parameters. The estimated values of the model parameters for birch stands are given in Table 2 . The model residual error (RSE) for birch stands was 0.64 m 2 m -2 when LAI for trees was estimated with allometric regression model of Repola (2008) and 0.70 m 2 m -2 when Marklund (1988) model was used. Determination coeffi cient R 2 was 0.91 and 0.95 respectively. When pine stand data were plotted together with birch stands, a group of old pine stands formed a separate cluster in the scatterplot (Figure 4) . It is not clear whether the Repola (2008, 2009) and  Leaf area index mapping with optical methods and allometric models in SMEAR fl ux tower footprint at Järvselja, Estonia LAI, Kodar et al. (2011) Marklund (1988) Repola (2008 Repola ( , 2009 
tion of the stands ( Figure 5 ). The most species independent band was red band, however, this did not create options to build a regression model due to large scatter. All the bands had very weak correlation with LAI (R 2 < 0.1). Only the red edge band (B6) refl ectance of Worldview-2 was found to have a relationship with LAI trees + LAI u for Repola (2008) model-based LAI ( Figure 5) . However, the relationship reached an asymptote already at LAI > 3 and there are even some signs of refl ectance increase at large LAI trees + LAI u (> 6) values. The relationships between the allometric LAI and NDVI calculated from the WorldView-2 data were very scattered and had low correlation (R 2 < 0.1). The spectral radiance in Landsat-7 ETM+ and Landsat-8 OLI bands had only weak correlation with LAI trees +LAI u . The separation between species somewhat improved the correlation with LAI and the best results were in birch stands. The strongest correlation between LAI and spectral radiance was in the SWIR band (by the data of year 2011 R 2 = 0.157 by Marklund (1988) model and R 2 = 0.103 by Repola (2008 Repola ( , 2009 ) models; by the data of year 2014 R 2 = 0.180 by Marklund (1988) and R 2 = 0.129 by Repola (2008 Repola ( , 2009 ) models). Relationship of spectral radiance and PAI e,DHP of sample plots was weak (R 2 < 0.1). None of the relationships between satellite spectral bands and allometric LAI was good enough to be used for LAI mapping. Therefore, only ALS data and digital hemispherical images were used to construct PAI e map.
Leaf area index mapping with optical methods and allometric models in SMEAR fl ux tower footprint at Järvselja, Estonia We compared ALS pulse transmissionbased PAI e, lidar map from current study and SPOT-4 HRV-IR data-based LAI HRVIR2 map for Järvselja VALERI test site by Kodar et al. (2011) and found the estimates strongly correlated (R 2 = 0.528). As expected, PAI e, lidar was generally smaller than LAI HRVIR2 , because it is an effective value and the plants shorter than 1.3 m are excluded from the ALS data-based canopy cover estimates in this study. However, at LAI HRVIR2 values bigger than 4 m 2 m -2 there was a tendency of birch dominated stands to have PAI e, lidar less different from LAI HRVIR2 . This can be due to the underestimation of LAI or overestimation of PAI e in the birch stands. The model used by Kodar et al. (2011) predicts larger LAI with the refl ectance decrease in red band. The LAI underestimation can occur when 1) the refl ectance of the birch stands in SPOT-4 HRV-IR red band had a saturating relationship with LAI or 2) had relatively larger refl ectance in the red band compared to the reference data used by Kodar et al. (2011) . The PAI e overestimation can occur when the birch stands have 1) increased refl ectance in NIR spectral region where ALS50-II operates or 2) high canopy cover and short crowns causing relatively more pulse returns to be triggered from the canopy than from the ground.
Discussion
The usual ALS-based variable for PAI e estiamtion has been canopy cover (Solberg et al., 2009 , Korhonen et al., 2011 but we found that 95-percentile of ALS pulse return position height distribution is better predictor of allometric LAI than canopy cover in Järvselja forests. We used data from Leica ALS50-II scanner which is designed for topographic mapping of ground surface. The Leica ALS50-II laser pulse divides up to four returns when getting in contact with vegetation (Danson et al., 2009) . In dense forests fi rst returns of laser pulses are triggered more likely from the upper canopy and last returns more likely from the ground or undergrowth. So, more returns per pulse are generated in taller forests and consequently this increases the probability of a pulse last return to be triggered from the ground (Figure 3 in Straatsma & Middelkoop, 2006; Figure 1 in Lang et al., 2012) . Such an increase of returns per emitted pulse introduces canopy height related dependence into the canopy cover estimates made using discrete-return ALS data. The canopy cover estimates are also infl uenced by scanning angle (Morsdorf et al., 2006; Korhonen et al., 2011) and gap size distribution of forest canopy (Peduzzi et al., 2012) . On the other hand, tree height is used as input variable in the allometric foliage mass models used in this study and the H 95 from ALS data can be expected to correlate well with allometric LAI. This was confi rmed by our tests. Now, the question is whether to estimate LAI for Järvselja forest stands from ALSbased forest height or canopy cover?
The usual practice is to use canopy cover or transmittance (Morsdorf et al., 2006; Korho nen et al., 2009 , Solberg et al., 2009 and the H 95 -based LAI estimation is rather new approach. The largest deviation from the general relationship was observed in pine stands. The reason is that all the pine stands in Järvselja are old and their allometric model-based LAI did not depend much on tree height. A vast majority of allometric foliage mass models are based on tree stem diameter at breast height (Zianis et al., 2005) . The good performance of forest height as an estimator for LAI is based on the fact that tree diameter at breast height and the tree height are well correlated. show also that live crown base height and live crown length are well correlated with forest stand mean tree diameter at breast height. However, the allometric models estimate foliage mass for single trees not for forest stands. There is a negative feedback from stand density increase to the single tree live crown length (Valentine & Mäkelä, 2005) and crown volume which is directly related to the amount of foliage on the tree. In denser stands tree crowns tend to be shorter and have smaller volume. Most of the forest stands in Järvselja are regularly managed to keep the forest productive i.e. to maintain an optimal stand density according to good forest management practice while tree height growth depends mainly on site fertility and forest age. While forest height estimation from ALS point cloud is a quite simple linear transformation, the estimation of canopy cover or transmission is not. The complications of ALS-based canopy cover estimation are related to the selection of reference height and pulse return fractions (Lang, 2010 Kodar et al. (2011) that ALS-based variables are probably the best for LAI mapping in Järvselja hemiboreal mixed species forests followed by forest inventory data and multispectral satellite images. The dependency of refl ectance in WorldView-2, Landsat ETM+ and OLI different spectral channels and NDVI with allometric LAI was weak. Stenberg et al. (2004) stated that many spectral vegetation indices showed a fair positive correlation with LAI, but NDVI showed poor sensitivity to changes in LAI as found also by Kuusk et al. (2015) for the same area. Kodar et al. (2011) did not fi nd correlation between LAI and NDVI calculated from SPOT-4 HRV-IR image, but the best correlation was with radiance of red band (R 2 = 0.517). Kodar et al. (2011) inverted theoretical gap fraction model to estimate LAI but in this study we used allometric foliage mass models from Sweden and Finland and forest management inventory data for the LAI estimation. This indicates that allometric foliage mass models from Scandinavia may not be suitable for Järvselja forests.
Conclusions
Based on the pilot study for leaf area index and effective plant area index estimation for forests near the SMEAR Estonia fl ux tower in Järvselja following conclusions can be made. 1) The relationship between spectral refl ectance of the forests and allometric LAI (estimated using data from forest inventory database as input for allometric foliage regression models) saturates already at LAI > 3 m 2 m -2 and this complicates the use of multi spectral satellite images for LAI map construction outside the areas of the forest inventory map. 2) Allometric LAI can be estimated for birch dominated forests by using a model based on 95-percentile of the ALS pulse return height distribution, but pine dominated forests deviate from the model. Inclusion of canopy cover estimate into the model did not improve the species independent model substantially. 3) We recommend to establish a network of permanent sample plots in the fl ux footprint of the SMEAR Estonia fl ux tower for forest growth and gap fraction measurements. The sample plots can serve as reference set for upscaling leaf area index estimates using remote sensing data. 
